ABSTRACT: The dissociation constants for the binding of Rhodobacter capsulatus cytochrome c 2 and its K93P mutant to the cytochrome bc 1 complex embedded in a phospholipid bilayer were measured by plasmon waveguide resonance spectroscopy in the presence and absence of the inhibitor stigmatellin.
In its simplest form, bacterial photosynthesis involves electron transfer between two membrane-bound complexes, the photosynthetic reaction center (RC) 1 and cytochrome bc 1 (BC1), which is mediated by lipid-soluble quinone and by water-soluble cytochrome c 2 (C2). Upon absorption of light, the special pair bacteriochlorophyll becomes oxidized and the quinone (Q B ) reduced. The reaction center is rapidly reduced by C2 to complete the initial steps of the reaction. In the second half of the reaction, quinol is oxidized by cytochrome b (B) and the Rieske iron-sulfur protein (ISP). The Rieske ISP transfers its electron to cytochrome c 1 (C1), which in turn reduces C2 to complete the cycle. During reduction of quinone, protons are taken up from the cytoplasmic side of the membrane; during subsequent oxidation of quinol, the protons are released on the periplasmic side, resulting in a proton gradient that is used to synthesize ATP. The three-dimensional structures of RC (1, 2) , BC1 (3) (4) (5) (6) , and C2 (7, 8) have been determined. In addition, the crystal structures of the complexes of C2 and RC (9) and of cytochrome c (C) and BC1 (10) are known. Thus, the structures of all of the components of the pathway and their immediate interaction partners have been determined, but what is missing is the precise mechanism by which the electron transfer process is carried out and turnover optimized.
To date, considerable attention has been focused on the role of C2 in mediating electron transfer between reduced BC1 and the oxidized RC. Studies of the kinetics of electron transfer have emphasized the contribution of electrostatic interactions between negative charges on RC and positive charges on C2 to facilitate binding and electron transfer at low ionic strength. However, hydrophobic interactions and hydrogen bonding also contribute to binding. Thus, it has been proposed that electrostatics steer the C2 toward the optimum binding site on the RC but that hydrophobic interactions then provide the primary stabilization of the bound complex (11, 12) . Binding constants typically have been indirectly derived from kinetics of electron transfer (e.g., ref 13) , although a few direct measurements have been performed (e.g., ref 14) .
It is well-established that C2 and, more generally, class I c-type cytochromes are substantially less stable in the oxidized state as compared to the reduced state due to the buried positive charge on the ferric heme iron. This differential stability is in part manifested by a dynamic conformational change that is present in only the oxidized cytochrome. This dynamic process involves the breakage of the methionyl sulfur-Fe 3+ bond and the rapid movement (∼30 s -1 ) of the methionine (M96 in Rhodobacter capsulatus C2) and adjacent amino acids (positions ∼90-100, the socalled "hinge region") away from the heme face (15) . We recently found, using plasmon waveguide resonance (PWR) spectroscopy, that dissociation of the oxidized C2 [C2 (ox)]-reduced RC complex is facilitated by the hinge movement (16) . Key to these studies was the use of the C2 mutant K93P which has hinge kinetics that are ∼25-fold faster than in the wild-type cytochrome (∼700 s ) and 30-fold weaker binding to RC. In the case of RCs, reduced wild-type C2 binds to both a high-and low-affinity site, while wild-type C2 (ox) and both redox states of the mutant C2 can only bind to the low-affinity site. This was attributed to the more stable structure of reduced wild-type C2 and to a conformational change occurring upon oxidation of C2, which occurs more readily in the oxidized K93P mutant, resulting in a form incapable of high-affinity binding (16) .
There have been a number of studies on the interaction of cytochromes (C or C2) with BC1 [reviewed by Millett and Durham (17) ]. There are strong parallels with the RC studies in that the C2/BC1 interaction has a large electrostatic component that steers the reactants for optimum binding, which is primarily hydrophobic in nature. In the yeast system, intracomplex electron transfer from the Rieske ISP to C1 occurs with a rate constant of ∼80000 s -1 , although the overall reaction is gated by movement of the Rieske ISP between the B and C1 centers (17) . Within the preformed complex of C and BC1 at low ionic strength, electron transfer from C1 to C also is very fast, occurring with a rate constant of ∼14000 s -1 , with an apparent micromolar dissociation constant (18) . One might expect a similar mechanism for substrate binding and product release as with RC, i.e., a dynamic conformational change that facilitates product release and thus turnover. The products in the case of reaction with BC1 are reduced C2 [C2 (red)] and oxidized C1 [C1 (ox)], with C2 (red) being a relatively stable structure with no "hinge" movement. However, both C1 and C2 are class I cytochromes that share a common fold. Thus, it is possible that C1 (ox) undergoes a dynamic conformational change to facilitate product release. Note, however, that the situation with BC1 is somewhat more complex than RC as the Rieske ISP has been shown to be mobile and can be found proximal to both the B and to the C1 depending on conditions (4) . Movement of the Rieske ISP has been very well documented in several species and is an integral part of the mechanism (19) (20) (21) (22) (23) . Indeed, in the presence of the BC1 inhibitor stigmatellin, the Rieske ISP associates with the B cytochrome, and the iron-sulfur cluster is distal from C1 in the BC1 complex. In what follows, we report PWR studies on the interaction of Rb. capsulatus C2 (oxidized and reduced) with BC1 in a phospholipid bilayer, using wild-type and mutant C2 (K93P) and the inhibitor stigmatellin.
MATERIALS AND METHODS
The Rb. capsulatus cytochrome BC1 complex was prepared from 100 g of MT-G4/S4 membranes following the protocol of Andrews et al. (24) for Rhodobacter sphaeroides, except that 1.5 mg of dodecyl maltoside/mg of protein (Anatrace, Maumee, OH) was used (25) . High-purity glycerol (ICN, Aurora, OH) was used in the initial extraction and purification steps, and 1% SDS was used in the BCA protein assay (Pierce) to measure total membrane protein concentration. The enzymatic activity of dodecyl maltoside solubilized BC1 was measured to establish that it was functional with turnover numbers in the range reported in the absence of phospholipid (24) . Prior to incorporation of purified BC1 into the lipid bilayer, it was dialyzed against 30 mM octyl glucoside (Sigma), 10 mM Tris-HCl, 100 mM KCl, and 1 mM EDTA, pH 7.3. Wild-type C2 and mutant K93P were prepared as described by Dumortier et al. (15) . For PWR experiments, C2 was oxidized with ferricyanide prior to dialysis, and C2 and BC1 were reduced with an excess of sodium dithionite (prior to dialysis in the case of C2). The C2 was dialyzed against the reaction buffer, 100 mM KCl and 10 mM Tris-HCl, pH 7.3.
Self-assembled lipid bilayers were formed using a solution of 8 mg/mL egg phosphatidylcholine (Avanti Polar Lipids, Birmingham, AL) in butanol/squalene (10:0.1 v/v). A small amount of lipid solution (1.5 µL) was injected into the orifice in a Teflon block separating the silica surface of the PWR resonator from the aqueous phase as previously described (16) . Spontaneous bilayer formation was initiated when the sample compartment was filled with aqueous buffer solution. The BC1 complex was inserted into the lipid bilayer (∼5.5 nm thickness by 3 mm diameter) by addition of BC1 (50 µM stock, final concentration ∼10 nM) in detergentcontaining buffer to the aqueous compartment of the PWR cell (volume, 0.5 mL). This results in dilution of the detergent below the critical micelle concentration and to spontaneous transfer of the protein from the detergent micelle into the lipid membrane. The bilayer containing BC1 was washed with the reaction buffer to remove detergent and excess BC1 prior to measurement and titrated with C2 or K93P (16, 26) . On the basis of prior studies (27) the amount of BC1 in the bilayer was on the order of 400 fmol (oriented in both directions), and the C2 amounts in the cell range from 500 fmol to 50 nmol depending on the experiment. As shown previously, C2 does not bind to the phosphatidylcholine bilayer in the absence of BC1 at the concentrations of C2 used here (16) . For stigmatellin experiments, the BC1-containing bilayer was titrated with 100 µM stigmatellin (Fluka) in ethanol to saturation, prior to titration with C2. The principles of PWR spectroscopy have been extensively described previously (16, 28, 29) . Experiments were performed with 543 nm laser illumination using a beta PWR instrument from Proterion Corp. (Piscataway, NJ) with an angular spectral resolution of 1 mdeg.
For modeling, C1 and the Rieske ISP structures in the "B" position are from a refined version of the Rb. capsulatus structure 1ZRT (6; RCSB Protein Data Bank), incorporating some corrections based on the higher resolution structure of the Rb. sphaeroides BC1 complex 2FYN (30) . The ISP in the "C1" position is also from this structure, repositioned as in the bovine BC1 structure 1BE3 (31) as described below. The C2 structure is Rb. capsulatus 1C2R (7), positioned as in the yeast BC1 structure 1KYO (10) . The three BC1 structures (1ZRT, 1BE3, and 1KYO) were superimposed on the basis of the cytochrome b dimer. To obtain the ISP in the C1 position, the ISP chains from 1ZRT were superimposed on the ISP chains of thus positioned 1BE3. Likewise, the C2 structure 1C2R was superimposed on yeast C in thus positioned 1KYO.
RESULTS
Upon incorporation of the BC1 complex into the lipid bilayer, the PWR spectra showed shifts in resonance position toward higher angles of incidence, as well as changes in amplitude, for both p-and s-polarization, as expected for successful insertion of protein into the bilayer (data not shown; cf. ref 16) . Addition of aliquots of either reduced or oxidized C2 to BC1 (ox) resulted in significant changes in the PWR spectra as shown in Figure 1 , where the spectral shift is plotted against the concentration of C2 in the sample compartment. Because the amount of BC1 incorporated is generally much smaller than the amount of C2 added, ligand binding does not significantly deplete the C2 concentration. The binding of C2 (red) to BC1 (ox) ( Figure 1A ) resulted in shifts to lower incident angle, with much larger effects for p-than for s-polarization. Such negative shifts in both polarizations reflect a decrease in proteolipid bilayer mass that are consistent with a change in protein conformation that results in an increase in the volume that the BC1 occupies within the bilayer and a consequent net transfer of lipid molecules into the lipid solution that anchors the bilayer to the Teflon spacer (Gibbs border). This decreases the total mass density in the bilayer. This type of behavior has been observed in a number of systems (for example, ref 32) and is thought to reflect changes in the tilting of the transmembrane helices with respect to the plane of the membrane on ligand binding (33) . Note that the magnitude of the PWR spectral shift increases as the C2 concentration increases. This allows a direct determination of the binding constant. The data were fit with hyperbolic functions (solid curves in Figure 1A ) to obtain the dissociation constant, K d ) 3.1 ( 0.3 µM (average of both polarizations). Note that the redox potential of Rb. capsulatus C1 is reported to be 320 mV in isolated BC1 complexes (0.01% dodecyl maltoside; 34) and that of Rb. capsulatus C2, 368 mV (35) . Thus, for the BC1 (ox) titration with C2 (red) a mixture of redox complexes [BC1 (ox)-C2 (red) and BC1 (red)-C2 (ox)] could be expected. However, we obtained a single hyperbolic curve ( Figure 1A ) with K D quite distinct from those for the BC1 (red)-C2 (red) and BC1 (ox)-C2 (ox) complexes (see below). This could result from either of two factors. First, the C1 redox potential in the phospholipid bilayer could be significantly lower (for example, 30-40 mV) than in the isolated complex, which would reduce the amount of a BC1 (red)-C2 (ox) complex below the detectable limit of PWR. Note, this is in contrast to the report of Engstrom et al. (18) , who conclude the redox potentials of cytochrome c and BC1 were approximately the same using detergent-solubilized yeast BC1 and kinetic analysis. The second possibility, that the binding constants for BC1 (ox)-C2 (red) and BC1 (red)-C2 (ox) complexes are similar, is unlikely because of the results we observe in additional experiments described below.
In sharp contrast to the binding of C2 (red) to BC1 (ox), the binding of C2 (ox) to BC1 (ox) was biphasic, resulting in an initial increase in incident angle (as expected for an increase in total mass density) followed by a decrease (lower total mass density, again due to expulsion of lipid from the bilayer consequent to a protein conformation change) shown in Figure 1B . To fit the data, we used two hyperbolic functions of opposite sign, resulting in K d values of 0.11 ( 0.01 and 0.58 ( 0.01 µM. These results are consistent with binding either involving two separate sites on C2 or involving two different conformations of either BC1 or C2. We will return to this issue below.
In contrast to these results, the effect of adding C2 (red) to BC1 (red) on the PWR spectra ( Figure 2 ) was a large increase in incident angles for both polarizations, with much stronger binding (K d ) 0.02 ( 0.003 µM). This is consistent with binding of the C2 to the BC1 producing a net increase in total mass density in the membrane. Thus, if a confor- Table 1 . The estimated error in resonance angle position in these experiments is (1 mdeg. Table 1.) mational change occurred as a consequence of this binding event, it was much different from the change occurring upon binding to the BC1 (ox). Because of electron transfer, it is not possible to measure the binding of C2 (ox) to BC1 (red).
In the case of the binding of C2 (ox) to reduced RC, the mutant K93P had a significant effect, presumably due to the hinge dynamics as discussed above (16) . Thus, we measured the binding of oxidized and reduced K93P to BC1. The expectation was that since there is no hinge movement in reduced K93P, it would have a binding constant similar to that of reduced wild-type C2. The results are shown in Figure  3B , where the fitted data gave a K d of 0.023 ( 0.002 µM, which is identical to wild type under the same conditions (see Figure 2) . However, the binding of K93P (ox) with BC1 (ox) (shown in Figure 3A ) was also similar to wild type (compare Figures 1B and 3A) , although binding in the initial phase was somewhat stronger (by a factor of 2), and binding in the second phase produced a considerably less negative spectral shift but occurred with about the same affinity, yielding K d values of 0.05 ( 0.002 and 0.63 ( 0.02 µM, respectively. Thus, in sharp contrast to RC, the K93P mutation and corresponding change in the conformational equilibrium had only a minimal effect on binding to BC1 in either C2 redox state.
Because C2 hinge dynamics appear not to be as important in the BC1 system as in RC, we considered the possibility that multiple conformations of BC1 (ox) might be responsible for the biphasic binding of C2 (ox), particularly since the binding symmetry was reversed relative to RC-C2 binding; i.e., in the RC case, the high-affinity binding event produced a negative spectral shift, and the lower affinity binding produced a positive shift. Since structural studies have established that the Rieske ISP is mobile within the BC1 complex and that the inhibitor stigmatellin positions the Rieske ISP proximal to the B and distal to C1 (4), we determined the effect of stigmatellin on C2 binding by BC1. As shown in Figure 4A , there was a dramatic change in binding of C2 (ox) with BC1 (ox) in the presence of stigmatellin, which showed single site binding (with K d ) 0.06 ( 0.01 µM) coupled to a total mass increase, similar to the strong binding site (K d ) 0.11 µM) observed in the absence of inhibitor (compare with Figure 1B) . Strikingly, the affinity of C2 (red) for BC1 (ox) ( Figure 4B ) was ∼30-fold stronger in the presence of stigmatellin (see Figure 1A) , although it was still half that of the C2 (ox). Note that the binding was coupled to an increase in total mass density, the opposite of what was observed in the absence of stigmatellin (compare with Figure 1A) . Thus, we conclude that the biphasic binding of C2 (ox) to BC1 (ox) is due to the two locations of the Rieske ISP in the uninhibited protein. This will be discussed below.
DISCUSSION
PWR spectroscopy not only provides a powerful means to measure binding constants for membrane proteins and their ligands but is also capable of detecting changes in proteolipid membrane structure that take place upon binding. Table 1 summarizes the binding constants obtained in the studies with BC1 reported here, as well as the impact on membrane mass density. Interestingly, we find that the binding symmetry for C2 and BC1 was opposite to that for C2 and RC (16) . Thus, C2 (ox) bound to BC1 (ox) in a biphasic manner consistent with two binding sites or conformations, the first site with an increase in net mass density and the second, lower affinity site with a decrease in total mass density. In contrast, C2 (ox) bound to a single RC site with a K d of 10 nM and with a net increase in total mass density. On the other hand, C2 (red) bound to a single BC1 (ox) site, although with much lower affinity than the oxidized cytochrome (Table 1) , and resulted in a mass decrease. However, C2 (red) binding with RC was biphasic, with K d values of 0.01 and 0.15 µM (16) . Furthermore, in the RC case, binding at the high-affinity site resulted in a decrease in net mass density, but this effect was reversed at the low-affinity site. Note that, for BC1, C2 (ox) is the substrate, as opposed to the reduced form which is the product, and would be expected to bind more strongly than the product, whereas with RC it is C2 (red) that is the substrate.
In the RC/C2 study (16), we investigated the possibility that C2 can exist in more than one conformation, and we found support for this argument using the K93P C2 mutant. This mutant bound monophasically to the RC in both oxidation states. However, in the case of BC1, we find that K93P (ox) bound biphasically with similar affinities to the wild type and that the binding of K93P (red) was also similar to that of the wild type. Thus, we conclude that although an alternate conformation of C2 may have a significant role in the RC system, this was not the case with BC1.
If conformational changes in C2 have little or no effect on binding, then we have to consider the possibility that the biphasic binding is due to the BC1 structure, especially considering the large effect of stigmatellin. It is known from the crystal structure of BC1 complexes that conformational changes occur during its function, but it is the Rieske ISP that undergoes the largest movement during electron transfer (3) (4) (5) , first picking up an electron from quinol at the Qo site in B, moving to a position near C1, and transferring the electron. The C1 subunit, to which C2 binds, appears to be relatively fixed in orientation, and to a first approximation it is difficult to imagine how the position of the ISP subunit might affect the binding of C2. Figure 5A Table 1 ), stigmatellin, and thus the position of the ISP, has a strong effect on the binding of C2 to C1. Thus, C2 (ox) binding with BC1 (ox) titrates as a single site in the presence of stigmatellin with a binding constant similar to that of the high-affinity site in the absence of stigmatellin, with an increase in total mass density in both cases. We conclude that the biphasic binding of C2 (ox) by BC1 (ox) in the absence of stigmatellin is due to the two conformations of ISP, resulting in tight binding when ISP is adjacent to B and lower affinity binding when it is near C1. Presumably, during electron transfer, the ISP and quinol bind to the B site, with C2 (ox) binding to C1 (ox) with high affinity (∼100 nM). Following electron transfer from quinol to ISP and dissociation of the quinone, the reduced Rieske swings to its C1 interaction site and rapidly transfers an electron to the C1 (∼80000 s
) which then reduces the bound C2 (∼14000 s -1 ) with the C1 (ox)-C2 (red) complex having low affinity (∼3 µM), thus releasing the C2 and facilitating turnover. In this scheme, the low-affinity site for C2 (ox) on C1 (ox) is a consequence of the alternate C1 conformation within the ternary complex with oxidized ISP but not directly relevant to electron transfer per se.
Given that stigmatellin binding and its influence on the orientation of the Rieske ISP affect the binding of C2, it follows that the ISP-C1 and C1-C2 interaction domains must communicate. Figure 6 presents a close-up stereoview of the C2-C1 and ISP-C1 interaction interfaces. Figure 6A is a ribbon representation and illustrates the relationship of the polypeptides of C1, C2, and Rieske ISP. Note that there are extensive interactions between C1 and both the C2 and Rieske ISP but no direct interaction between C2 and the ISP. However, it is clear, at least in the model, that Y152 and Y153 in C1 bridge the electron donor and acceptor, with Y152 approaching the C2 heme and Y153 directed toward the Rieske iron-sulfur cluster ( Figure 6B ). This opens the possibility that when the ISP binds to C1, a conformational change is propagated through the tyrosine bridge resulting in alteration of the C2/C1 interaction domain and vice versa. Thus, we envision a push-pull mechanism whereby the Rieske ISP can exert an effect on C2 binding.
On the basis of the RC-C2 studies, where C2 hinge dynamics clearly modulate binding, we expected that the C2 (ox)-C1 (ox) binding would be weak relative to the reduced-reduced or oxidized-reduced interactions. This would be particularly true if both oxidized C1 and C2 had dynamic properties at the site of interaction which facilitated turnover. This appears to be the case when comparing oxidized-oxidized (0.110 and 0.580 µM) and reducedreduced (0.020 µM) affinities, consistent with some role for hinge dynamics in this system. Moreover, the very weak apparent affinity of C2 (red) for C1 (ox) supports the view that product release, hence turnover, is facilitated by structural changes resulting from reducing one or both reactants. However, the magnitude of the decrease in affinity of BC1 (ox) for C2 (red) was surprising, suggesting that additional factors (distinct from hinge dynamics) are involved. Interestingly, the low-affinity site for C2 (ox) and binding of C2 (red) to BC1 (ox) both involve a decrease in total membrane mass density, suggesting that binding drives a structural change which alters the alignment of the transmembrane helices contributed by all three subunits to produce a structure that occupies a larger bilayer volume, thereby forcing lipid into the Gibbs border that anchors the bilayer to the resonator surface. In contrast, binding C2 (ox) at the high-affinity BC1 site (both wild-type C2 and K93P) with and without stigmatellin and the binding of C2 (red) to 
